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hiehcr emissions may, in part. explain some of the reason for the 4~urlfatl in lhe global N20 budget. (NzO, NO, and NO>) are important N trace gases in terms o f t h e atmospheric chemistry nfboth the stratosphere and troposphere. As a greenhouse p s . NIO tends to warm the lower atmosphere and the mrth's surface by its absorption and re-emission of radiation in the atmosphere (Bouwman, 1990) . Nitric oxide (NO., = N O + NO2) is important in controlling troposphere ozone levels through its reaction with volatile nrganic compounds in the atmosphere. Tropospheric o~otic is a pollutant that negatively impacts forest and crnp growth, as well as human health. Despite efforts IO control NO, emissions, tropospheric ozone concentralions have continued to increase during the past decade (National Research Council, 1992) .
ITKOGEN OXIDES
Prior to industrialization, the main source of these cniissions into the atmosphere was biological activity related to the soil processes of nitrification and denitrification A number of key factors such as soil moisture, C content, and soil aeration affect emission processes (Aulakh, 1992) . The magnitude of these emissions howc w r . is also dependent on soil levels of NH: and NOT, and with the advent of modern agriculture and the increased use of mineral fertilizers there has been an increase in soil emissions of these gases. 3Agriculturc; is Wesently cstimated to ~contiibute from 65. to 80% of; tFC.i@ anthropogenic N20; or up to 2 Tg N20-N yearly : 'I '<! 1994). Cropland is also thought to be a major emitter of NO. Davidson's (1991) analysis, albeit made from a limited data base, suggests that 30% of the 20 Tg of the agricultural activity.
Although only a few studies have been performed to detcrmine the influence of N fertilizer application on the simultaneous emissions of N 2 0 and NO, they consistently demonstrate that fertilization increases emissions of nitrogen oxides (see Williams et al., 1992 in the estimates of NO and N:O emitted from soils is a result of both the large temporal and spatial variability associated with the ecological processes that control the emissions of these gases as well as differences associated with the measurements and the measurement methodologies used. Environmental factors such as precipitation events can also significantly change efflux patterns by changing soil redox potential or affecting soil gas diffusivity and microbial activity (e.g., nitrification and denitrification) and subsequent N gas production and efflux (Valente and Thornton, 1993) . Coefficients of variation associated with emissions estimates for these gases arc typically between IO0 and 300% (Williams et al., 1992; Valente and Thornton, 1993; Valente et al., 1995) . To some extent, this variation is due to the fact that discrete point estimates of gaseous emissions have been used to calculate flux. It is only recently that quasi-continuous measurements for extended periods of time have been made to f S i % i i F A u x e s~O X d -N~O G f tpoint estimates of soil trace gas efflux are not adequate to assess seasonal o r annual losses of NO and NIO because continuous measurements are needed (Aulakh, 1992) .
To address the need for daily flux measurenients to estimate NO and N2O eniissions from fertilized soils, we continuously measured NO and N20 emissions over a 210-d period from no-till corn fertilized at three N rates. In addition to gaseous eniissions. we monitored To minimize soil disturbance associated with the r e l~v 3 t i~~n of the measurement chambers throughour the esFritiienr. the six frames used to make measurements (see beloa I wers pl3;ed in the ground I wk before the measurements were ni3de. This enabled quick placement ofchamber sonto fr;imes N ith mini11131 soil disturbance. Yield estimates were obtained by harvestins t w o 4.6;-n1 scctionsof row in the middleofeach plot. Plots isere hmesteJ by hand and grain yields are expressed on a 10% moi,,urr. , .
I ,
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I Gas Measurements

Ancillary Measurements
Snil Ieriiperaturc at 5-and 15-cm depths was continuousb inionitored by tiie;tns o f it thermocouple during the study. Mehlich, 1984) followed by ICP determinations.
Statistical Analysis
Gas Rux data were analyzed using the general linear models procedure in the Statistical Analysis Systems for personal computers (SAS Institute, 1993). Differences among treatment [means were evaluated using a Bonferroni t-test. Mean emission rates for NO and N1O were calculated for each treatment from the entire 2 IO-d experimental period. Correlation coefficients between soil parameters and trace gas efRux were estimated for the combined N treatments and the daily average efflux valuesfor NOandN20forthedaysonwhichthesoil parameters were measured. A 0.05 probability level was used to determine significant differences.
RESULTS AND DISCUSSION
Fertilizer application significantly affected emissions of both N2O and NO (Table 2, Fig. 1-3) . Emissions of N 2 0 were more episodic in nature than NO, which was emitted at a somewhat uniform rate during the course of the study. The loss of fertilizer N during the study period was significantly influenced by N application rate for both N 2 0 (F = 73.5, P = 0.OOOl) and NO ( F = 184. I, P = 0.OOOl) The efflux of N 2 0 was 4.23 kg of N from the 140N treatment and 6.56 kg N in the 252N treatment ( Table 2 ) . Average emissions rates with no N application (control plots) were 10.4 and 3.5 ng N ni2 s-' for N20 and NO, respectively, resulting in a loss of 1.98 kg N2O-N and 0.63 kg NO-N during the 2 1 0 4 study. Emission rates of NO from the fertilized treatments were considerably lower than we measured in past studies on fertilize row c r o w i l t loilm soil in middle Tennessee that had received I 0 0 kg N ha-', we previously reported a midsummer rate of 2 4 ng NO-N m2 s -' (Valente and Thornton, 1993) . In a separate study on a red clay soil in Alabama, a cotton (Cussypiwn hirsuturn L.) crop receiving I 12 kg N ha-' had an average emission rate of 17 ng NO-N m2 s-' (Valente et al., 1995) or an emission rate that was approximately five times higher than the present study. Williams et al. (1988) reported an even higher mean NO emission rate of 94 ng N m2 s-l for corn in Pennsylvania. Our results are more similar to those reported by Anderson and Levine (1987) , who reported an average soil NO efflux rate of approximately 6.5 ng NO-N m2 SKI for plots receiving 163 kg N ha-'. However, in as much as variation in emission rates across a single site is typically threefold (Davidson, 1991) , it is not unreasonable to expect that variation among sites would have a variation that is IO-fold due to differences in soil texture and attendant water-holding capacity (Le., WFPS), timing and uptake of soil N, and cultural practices such as fertilizer type and placement that may affect emissions.
Except for a few instances of significant denitrification 1982) was evident in this study ( Fig. 1-3 ). The N loss of N 2 0 from nonfertilized soil was considerably higher than that cited by Eichner (1990) , who reported an average emission of 0.8 kg N ha-' y r r ' for nonfertilized soils. The amount of fertilizer-derived N 2 0 emissions in the present study is approximately sevenfold the average loss of 0.44 kg N ha-' reported for AN in the review by Eichner (1990) . The substantially higher values in our study, compared with the average given by Eichner (l990), may be related to a number of factors including soil type, rainfall. timing of fertilizer application. and management practices, which can strongly influence emissions on a site-specific basis. These differences may also result from using average daily emission rates that are calculated from discrete point samples that are oftentimes only made once a week. Annual estimates require methods that use both long-term and highly time-resolved determinations of flux (Loftfield et al., 1992) and this study attempts to address this need by having replicated measurements every several hours over 7 mo. Soil emissions of NO and N 2 0 were not affected by harvesting. We found no increase in emissions after the 9 September harvest. W e had speculated that increased C supply due to harvest residue would promote denitrification; however, soil moisture was very low and apparently little denitrification occurred. Hutchinson and Brams (1992) reported a stimulation in soil NO emission, but not NzO, after harvesting bermudagrass and speculated that increased soil temperature increased soil efflux of NO.
More recent studies of N 2 0 and NO emissions from soils, not available at the time of Eichner's (1990) review, show higher emissions than she reported. Hutchinson and Brams (1992) reported that NO emissions during a 9-wk study resulted in a 2.37 kg N ha-' loss while NzO accounted for 0.35 kg N ha-'. Recent studies by Bronson et al. (1992) on conventially tilled corn over a 2-yr period measured N2O losses of 3.2 and I .6 kg N , similar to this study. Studies in Canada (Shepherd et al., 1991) and in Sweden (Hansen et al., 1993) measured losses 0.30 (0.10) t ParenthdCaI vaIu~1( are the probability levels a-ivted with the corrclalion; N S indicates slatistical nonsigniftcance.
up to 5.3% of the applied AN as N'O. I n the Canadian studies. I I % of the fertilizer N applied was lost as NO and efflux rates as high as 74 ng NO-N m' s-' were reported (Shepherd et al., 1991) . Although we measured NO emux rates as high as 143 ng NO-N m' s-' in our study, >95 % ofall NO measurements, or 7584 separate measurements, indicated the NO emission rate was below 14 ng N m2 s-' Recent studies indicate greater loss rates of N via N2O efflux from soil, but our study, to the bcst Table 3 shows the correlation coefficients of NO and N 2 0 efflux with soil WFPS, soil NO? and NH:. These parameters have been reported to strongly influence trace gas emissions from soil (Davidson, 1991) . During the first 55 d of the study (through 30 June), WFPS averaged 85% among the three treatments, the same time frame in which niost ofthe NzO was emitted from the soil. The high values for WFPS are reflected in the above-average rainfall for this period; precipitation was 20% above normal, or 50 mm in excess of the 30-yr average (National Oceanic and Atmospheric Administration, 1993). Denitrification becomes increasingly important as WFPS exceed 60% (Davidson, 1991) and our data support this ohservation. With decreasing rainfall in July, WFPS was typically <60% (the lowest value recorded was 14% on 5 August; see Fig. 1-3 ) and denitrification became less important as a factor in N loss. Precipitation for lune through August was 5 0 % below normal, or 192 mni below the 30-yr average (National Oceanic and Atniospheric Administration, 1993) . This moisture deficit severely limited grain filling and yields for all treatments; yields for the ON, 140N, and 252N treatnienls were 2.62, 6.22, and 6.56 Mg ha-', respectively. Soil NO. : and NH: concentrations were correlated with N 2 0 emissions but only soil NOi was significantly linked to NO emissions (Table 3 ). The literature reports of correlations between soil parameters such as NO.?, NH:. and WFPS and enlissions of NO and N 2 0 itre conflicting (Williamset al., 1992) . Our resultsare similar to those of other researchers (Aulakh et al., 1992; Bronson and Mosier, 1993) WFPS ("lo) Fig. 4 . Relationship hetween NOIN20 emission ratc ratio and soil Hater-filled pore space (WFPS) during the study period.
dominantly influences the emission rate. These researchers further maintained that this masking of variables al a particular point in time, location, or study is, in part, responsible for the oftentimes conflicting reports in the literature concerning the importance of a particular variable in influencing trace gas emissions. Several researchers have speculated that C availability, and factors controlling C supply to microbial populations, may be more important in regulating denitrification than has customarily been thought, and most studies dealing with trace gas emissions have not dealt with this important aspect of trace gas efflux (Groffman and Tiedje, 1991; Whcatley and Williams, 1989) .
Although individual soil properties werc poorly correlated with N gas emissions, WFPS did a reasonable job (R' = 0.57) of predicting the NO/NzO ratio (Fig. 4) . These data support recent work (Davidson, 1993; Riley and Vitousek, 1994) indicating that this ratio is low when the soil is wet, typically in the spring, as in our study, and N 2 0 emissions from denitrification dominate. Conversely, ratios increase as the soil becomes drier and nitrification and NO emux become more important.
SUMMARY
This experiment demonstrated that loss of fertilizer N as NzO was far greater than loss as NO; N loss via NzO was I O to 20-fold more than that of NO lor the study. Nitrous oxide fluxes were positively correlated to WFPS, N O i , and NH: but only soil NOT values were correlated to NO flux. The ratio of NO/N?O emissions was reasonably well correlated (R' = 0.57) with WFPS and supports the conceptual hole-in-the-pipe model of Firestone and Davidson (1989) . In their model the sum of NO + N 2 0 emissions is related to the N applied. whcrcx the relative proportion of NO vs. NzO is linked with WFPS. This experiment suggests that the magnitude of ferlilizerderived emissions estimated by Eichner (1990) 9 7 : 9 8 8 9 -9 8 9 6. are currently modifying this system to a&ornniodatc greater replicate sampling to improve our estimates of soil efflux for future study sites.
